SESOIL is a seasonal soil compartment model. A one-dimensional vertical transport model is designed to predict seasonal solute distribution in the soil profile and watershed. CRREL received a request from the U.S. Army Engineer District, Alaska, Environmental Technical Engineering Office, to provide technical assistance in evaluating the SESOIL model for helping to assess benzene leaching in the Alaskan environment. The major tasks outlined in the request were as follows: work an example problem for a diesel-contaminated site, do analytical checks and do manual SESOIL analytical calculations for one cycle. The SESOIL model requires 57 input variables supplied by the user. An addi-tional 8 parameters are required for the execution file. This study did sensitivity analyses on soil bulk density, intrinsic permeability, disconnectedness index, porosity, organic carbon, adsorption coefficient on organic carbon, and bio-degradation rates of solid and liquid phases. The model is very sensitive to all the parameters studied. Despite its several difficulties, the model is popular among regulators and users because of its simplicity compared to research models. It can be used as a screening-level tool in assessing chemical move-ment in the soil column with considerable sitespecific calibrations.
INTRODUCTION
The United States Army Engineer District, Alaska, Environmental Technical Engineering Office, asked CRREL for technical assistance in evaluating the SESOIL model for aiding in assessing benzene pollutant leaching in Alaska. The major tasks outlined in the request were 1) to work an example problem for a diesel-contaminated site, 2) do analytical checks and 3) make manual SESOIL analytical calculations for one cycle. Drewett et al. (1993) used the SESOIL model at Fort Greely to assess the presence and concentrations of petroleum hydrocarbons in the soil and groundwater at five sites. In this study, a SESOIL sensitivity analysis was made for benzene contamination in Building 110 at Fort Greely by using input data files of Drewett et al. (1993) .
SESOIL history
SESOIL stands for seasonal soil compartment model. It is a one-dimensional vertical transport model for the unsaturated soil zones and is designed to predict solute distribution in the soil profile and watershed seasonally. In 1981, Arthur D. Little, Inc. (ADL) developed the program for the Environmental Protection Agency's (EPA) Office of Water and Office of Toxic Substances (OTS). The original code included three soil columns. In 1984, ADL updated the model and included a fourth soil layer as well as soil erosion algorithms (Bonazountas and Wagner 1984) . In 1985, the EPA's Environmental Research Laboratory in Athens, Georgia, thoroughly evaluated SESOIL (Watson and Brown 1985) , found numerous deficiencies in the model and recommended improvements. Furthermore, the model was extensively tested at the Oak Ridge National Laboratory (ORNL) and modified to enhance its capabilities (Hetrick et al. , 1989 Hetrick and Travis 1988) . SESOIL was incorporated into a system called PCGEMS (Graphical Exposure Modeling System for the PC), a complete information management tool developed for EPA-OTS and designed to help users perform exposure assessments (General Science Corporation 1987 , 1989 . General Science Corporation (1990) further made improvements to PCGEMS and incorporated it into a new system called RISKPRO ).
Objective
The objective of this report was to evaluate the sensitivity of the SESOIL model for assessing benzene leaching in the Alaskan environment. Donigian and Rao (1986a) comprehensively reviewed the model and concluded that the chemical transport part of the code needed improvements. The model did not handle the large variations in the hydraulic properties of the soil profile. Furthermore, they reported that SESOIL overpredicted the mass of aldicarb movement to groundwater (Donigian and Rao 1986b) . Daugherty (1993) found that SESOIL does not simulate the transfer of contaminants from the NAPL to the aqueous phase, but assumes that all contaminants are dissolved. Ladwig et al. (1993) tested the SESOIL model for benzene, ethylbenzene, toluene, xylene and 1,2-dichloroethane under Wisconsin conditions and discovered that the model was most sensitive to soil type, biodegradation rate, residual concentration, residual layer thickness and organic carbon content of the soil. The model was least sensitive to climate, soil disconnectedness index, pH and depth of contaminant burial. Furthermore, the model was highly sensitive to intrinsic permeability for benzene in sand. However, it was insensitive to intrinsic permeability for treatment of benzene in till. The till was a finer grained environment, with fewer available pore spaces than the sand.
LITERATURE REVIEW
Bonazountas and Kallidromitou (1993) reported that at the present state of scientific knowledge, SESOIL is a well-developed soil compartment model. They emphasized that the model must be calibrated for site-specific variables such as biodegradation rate, soil organic carbon content, local climate and depth to the water table. Hetrick et al. (1993) recommended that predictions for the hydrology at a given site be calibrated to agree with known measurements. They suggested that the user must conduct sensitivity analyses or evaluate results obtained by assigning distributions to the input parameters (O'Neill et al. 1982 , Gardner 1984 , Hetrick et al. 1991 . When properly used, SESOIL is an effective screening-level tool for assessing chemical movement in soil.
Oregon State regulator Anderson (1992) tested the SESOIL model to simulate transport of organic contaminants through the vadose zone. He also used the MINTEQA1 model (USEPA 1987) to simulate inorganic speciation and concentrations under specified field conditions. Sensitivity analyses were performed on organic contaminantsbenzene, carbon tetrachloride, ethylbenzene, methyl chloride, naphthalene, perchloroethylene, toluene, 1,1,1-trichloroethane, 1,1,2-trichloroethylene and o-xylene. The results of the tests indicated that the most important parameters controlling organic contaminant transport in the SESOIL/AT123D models were the thickness of the contaminated zone, depth from the contaminated zone to groundwater, hydraulic conductivity and gradient, and the fraction of the organic carbon in the soil.
Numerous studies have been conducted to compare the sensitivity of the SESOIL model with other models, using field input data (Bonazountas et al. 1982; Wagner et al. 1983; Kincaid et al. 1984; Watson and Brown 1985; Melancon et al. 1986; Hetrick et al. 1986 Hetrick et al. , 1989 Hetrick and Travis 1988) . The model was used in risk assessments to evaluate direct coal liquefaction (Walsh et al. 1984) , incineration of hazardous waste (Holton et al. 1985 , Travis et al. 1986 ), transport of benzene to the groundwater (Tucker et al. 1986 ), soil cleanup levels in California (Odencrantz et al. 1991 (Odencrantz et al. , 1992 and site sensitivity ranking for Wisconsin soils (Ladwig et al. 1993) .
Several computer models are in use to assess the cleanup levels of hydrocarbon contaminated soils. Recently, Odencrantz et al. (1992) Vertical And Lateral Organic Redistribution (VALOR), a two-dimensional numerical model for immiscible multiphase fluid flow in subsurface systems, was developed by Abriola et al. (1992) . VALOR solves only flow (pressure) equations for different phases of air, water and organic liquids; however, MOFAT solves both flow and mass transport (concentration) equations.
SESOIL EVALUATION

SESOIL processes
SESOIL simulates the major processes that can affect pollutant transport in the unsaturated zone, including moisture movement, volatilization and vapor phase diffusion, adsorption, and chemical as well as biological degradation (Ladwig et al. 1993) . The hydrological cycle component is based on the theory of Eagelson (1978) that uses a statistical approach to water balance calculations for estimating one-dimensional soil-water movement. Parameters considered in the hydrologic cycle are rainfall, surface runoff, infiltration, soil-water content, evapotranspiration and groundwater runoff. The sediment cycle relates to sediment washload as a result of rainstorms (i.e., soil erosion from surface runoff). To incorporate the effect of washload, the sediment module uses a combined statistical and deterministic approach. The pollutant fate cycle includes convective transport, volatilization, adsorption-desorption, chemical degradation-decay, biological transformation, hydrolysis, photolysis, oxidation and complexation with metals. This module uses a deterministic approach with analytical equations describing chemical and biological processes that affect contaminant transport. Details of these cycles, along with the transport equations, are given in the New SESOIL User's Guide (Hatrick et al. 1993) .
SESOIL assumptions
The SESOIL model is based on three assumptions:
1. Pollutant concentrations in all phases and in all compartments of the soil system are at equilibrium at all times. 2. The law of mass conservation determines the equilibrium concentration of chemical species over a series of monthly or yearly steps. 3. Pollutant transport takes place in the unsaturated soil zone.
SESOIL input parameters
SESOIL has options for annual or monthly simulations. The annual simulations need annual climatic data and monthly simulations require monthly input data. The annual simulation option is not available in the new RISKPRO system; therefore, it is not included in this report with the exception of the hydrological cycle, which implements the annual algorithm. The monthly input data are grouped into four types: climate data, soil data, chemical data and initial chemical distribution in the soil. The user must supply 57 input variables to run the model (Ladwig et al. 1993) : 12 monthly input values are required for 33 of the parameters. In the execution file, 8 additional parameters are required. The washload input file was not used at the Fort Greely site; therefore, a discussion of the sediment module is not included. Details of input variables for the four categories are as follows. 
SESOIL's merits
Being a part of PCGEMS and now RISKPRO, SE-SOIL is popular among regulators for risk assessment studies. The compartmental module lets many users run the model for specific data sets or site conditions. The model had continuous support from EPA-OTS. Periodically, SESOIL is improved and modified by the Oak Ridge National Laboratory.
The scientific community engaged in chemical fate modeling has accepted and recognized the SESOIL model. Extensive validations that work under different site specific scenarios must be done to calibrate the model. The model is structured to simulate chemical transport for more than a month. SESOIL accommodates physical, chemical and biological changes in the contaminant leaked into the soil system.
The sensitivity analyses were conducted on adsorption and volatilization for different soil types and in different climates. SESOIL's hydrologic cycle has been found to be a good long-term predictor for groundwater and surface runoff, evapotranspiration and infiltration. Uncertainty analysis is introduced into the hydrological cycle with probability density functions, which produces probability distributions of water balance and yields long-term seasonal averages of the water balance.
SESOIL's demerits
Application of the SESOIL model in the Alaskan environment requires extensive calibration and modifications because it does not function at temperatures below freezing (Calabrese and Kostecki 1992). The present code for SESOIL uses a single homogeneous soil column for the hydrological cycle. In the Alaskan environment, because soils usually have discontinuous and fractured permafrost underneath, the model will need modifications. SESOIL will not work at sites having large vertical variations in soil properties.
The use of SESOIL is limited because it requires site-specific data for calibration. When input data are not available, the model user must use complex calculations to generate an input file. The user needs the expertise to select the appropriate equations required for developing input data. In a situation where site-specific data are not available, using data published in the literature or default values might simulate results that are inaccurate by orders of magnitude.
The model does not address the free product movement in the vadose zone, such as depth of penetration of bulk hydrocarbons, spread and migration rate of free product, effects of large concentrations of other organics on adsorption and mobility, and emission rate for a pure bulk hydrocarbon on a soil surface. Furthermore, the model accommodates the migration of a single solute in an aqueous phase rather than a nonaqueous phase. The model's inability to distinguish between the NAPL phase or the water phase (dominant transport carrier) can create significant errors in simulations.
Simulations with SESOIL are very poor when run with laboratory-generated input data. For instance, with laboratory input data, the model simulated that 65.5% of the chemical released migrated to the groundwater; conversely, field data showed only 4 to 8% of the chemical migrating to the groundwater (Calabrese and Kostecki 1992). Since these studies were conducted, the model has been improved and tested in laboratory columns with six organic compounds, and results were compared with three field studies. The modified model delivered better simulation results for some compounds, but there was no improvement for compounds with the lowest and highest adsorption coefficients.
The current version of the SESOIL model can simulate vadose zone contaminant concentration in four soil columns, with each column divided into ten sub-layers. SESOIL's hydrological cycle considers the soil column as one homogeneous compartment. Therefore, only one set of soilwater content, porosity and core-disconnectedness parameters is used to describe the entire vadose zone. The model will not work if the soil has low permeability. SESOIL does not address the soil-water spatial variability and water flow in each compartment. Therefore, chemical transport and distribution in the soil column could be affected because the retardation coefficients and volatilization fluxes of certain chemicals are water-sensitive.
The model considers the internal soil moisture at the beginning of each storm and in the interstorm periods to be uniform, at its long-term space-time average. This assumption may be a considerable departure from reality, as the soil moisture profile in a later modeling period (i.e., 1 month) cannot be influenced by the soil moisture profile resulting from a preceding modeling period. Furthermore, the effects of snow and ice melt on hydrological and sediment washload cycles under Alaskan conditions need to studied.
Validity of the sediment cycle has not been as thoroughly tested as other cycles have. This cycle ignores the chemical transport while simulating sediment transport. The major limitation of the layered approach is that when a chemical enters a soil layer, SESOIL considers it to be uniformly distributed throughout the layer. For instance, the model simulates low chemical concentration for large soil layers and high concentration for small soil layers. Hetrick et al. (1989) reported that modified SESOIL predictions are in good agreement with observed laboratory and field data. However, the model underestimates the concentration near the soil surface and they speculated that this may be a result of SESOIL ignoring the upward movement of the chemical with the upward movement of water ascribable to soil evaporation losses. The model ignores the diffusive mobility of chemicals, which may be important, depending on the Henry's Law constant of the compound, and does not consider the volatilization enhancement when water evaporates. SESOIL should not be applied to a specific site with only limited calibrations (Hetrick et al. 1989) .
SENSITIVITY ANALYSIS
The preliminary sensitivity analysis of SESOIL for benzene was done by varying the few soil and chemical input parameter values (Table 1 ) to below or above the original values used by Drewett et al. (1993) . The input data file (SSOUT034.OUT) developed by Drewett et al. (1993) in their SESOIL tests for Fort Greely, Alaska, was used in the sensitivity 5 tests. The sensitivity of the parameters is described in terms of change in dissolved maximum concentration of benzene and time taken to reach the maximum benzene concentration at 5330 cm depth compared with original values (Fig.  1a) . The changes in benzene concentration as adsorbed and as air-in-pores were similar to dissolved concentration.
Soil bulk density
Soil bulk density had a significant effect on the peak concentration of benzene. The benzene concentration increased (0.12 µg/mL) compared to the Drewett et al. (1993) estimates when the soil bulk density was lowered from 1.92 to 1.62 g/cm 3 (Fig. 1b) . Furthermore, benzene was released 5 years earlier into the groundwater compared with the Drewett et al. (1993) estimates.
Intrinsic permeability SESOIL is highly sensitive to changes in intrinsic permeability from 1 × 10 -7 to 1 × 10 -4 cm 2 (Ta- Fig. 1c ) and benzene concentration elevated from 0.04 to 1.84 µg/mL. Benzene leached to the groundwater 14 years earlier than in the Drewett et al. (1993) estimates. These results agree with the findings of Ladwig et al. (1993) .
Disconnectedness index
Decreasing the value of the disconnectedness index (10 to 6.3) lowered benzene concentration (-0.01 µg/mL) at the bottom of the fourth soil column (Fig. 1d) . Compared with the Drewett et al. (1993) results, benzene travel time to the groundwater is increased by 4 years. These results are consistent with the observations of Odencrantz et al. (1991) that SESOIL was highly sensitive to the disconnectedness index.
Effective porosity
Changing the effective porosity from 0.25 to 0.35 decreased the peak benzene concentration (-0.037 µg/mL) and increased the peak leach time by 12 years (Fig. 1e ) compared to the the benzene concentration was increased by 0.28 µg/mL (Fig. 1i) . The benzene travel time through the vadose zone was also increased (+1 years).
MANUAL CHECKS OF OUTPUT FILE
For confirmation, the output results were manually checked for water balance, benzene mass input, benzene mass distribution for each layer, benzene concentration in the soil water at the lowest soil sublayer, and maximum benzene depth. SE-SOIL simulated these parameters precisely as per set equation codes.
Water balance
The water balance was checked by using the equations
P -E -MR = S + G = Y
(1) and
where P = precipitation E = evapotranspiration MR = moisture retention S = surface runoff G = groundwater runoff or recharge Y = yield I = infiltration.
SESOIL provides solutions to eq 1 and 2 by iterating on soil moisture until the calculated value for precipitation is within 1% of the user provided input value. After the completion of this iteration, the individual components such as infiltration, evapotranspiration, moisture retention, surface runoff and the groundwater runoff (recharge) are known. Infiltration is checked as the difference between the precipitation and the surface runoff, which is equal to the moisture retention plus the evapotranspiration plus the groundwater runoff.
Benzene mass input
Benzene mass (µg) includes the amount of benzene in the precipitation and the amount loaded into each of up to four major layers. SESOIL computes the amount of benzene in the precipitation as [benzene concentration in rain/benzene maximum solubility in water] × solubility in water × infiltration rate × area of application.
The benzene load in each layer is calculated from the area of application × benzene application. To Drewett et al. (1993) estimates. This may be attributable to the higher volatilization of the benzene compound because of increased porosity, which allowed more air-filled voids.
Soil organic carbon content (Foc, %) and koc
SESOIL showed high sensitivity to organic carbon content. Organic carbon had a significant effect on the rate of chemical movement, as well as on the peak leached concentration. Slight reduction in organic carbon (0.13 to 0.09%) elevated the benzene concentration (0.56 µg/mL, Fig. 1f) , and the contaminant was released to groundwater 10 years earlier than the original estimates calculated.
The koc, adsorption coefficient on organic carbon, had a slight effect on the sensitivity of SESOIL. By lowering the koc value from 83 to 69 (Fig. 1g) , the peak concentration of benzene elevated (0.13 µg/mL) compared to the Drewett et al. (1993) tests. Similarly, koc also lowered benzene transport time (-5 years) to the groundwater compared with the original simulations.
Biodegradation rate in solid and liquid phases
As expected, reducing the biodegradation rate of the solid phase (5.48 × 10 -4 to 2.74 × 10 -4 ) increased both the benzene concentration (+1.29 µg/mL) and the travel time to groundwater (+2 years, Fig. 1h ). When the biodegradation rates of the liquid phase were reduced to 2.74 × 10 -4 , several scientists and regulatory agencies. At the present state of scientific knowledge, SESOIL is a well-developed seasonal soil compartment model. Despite its several difficulties, the model is popular among regulators and users because of its simplicity compared to research models. It can be used as a preliminary leachate assessment screening tool with considerable site-specific calibrations. Different authors found different input parameters sensitive to their local conditions in reference to a particular contaminant. The MOFAT, POSSM and VALOR models can also be considered for leachate assessment in Alaska. calculate the load for the major layer, contained sublayers are added to the first sublayer of that particular major layer.
LITERATURE CITED
Distribution of benzene mass
Benzene mass distribution in the column was calculated by adding the masses of the contaminant from all the phases for the year of contaminant loading. Volatilized mass was added to the mass in moisture, adsorbed on soil and in soil air for each sublayer down through the soil column. The computed mass was added to the sublayer above it in the next time step. Diffused mass was added and divided by the time cycle.
Benzene concentration distribution for lowest sublayer
Benzene concentrations (µg/mL) were checked from the output file for each year until the benzene reached the lowest soil zone. Also recorded was the greatest benzene concentration as well as its travel time. Drewett et al. (1993) assumed groundwater depth at 5330 cm; therefore, benzene transport was simulated at 5330 cm as illustrated in Figure 1 .
Maximum pollutant depth
SUGGESTED IMPROVEMENTS
Several workers (Melancon et al. 1986; Anderson 1992; Odencrantz et al. 1992; Hetrick et al. 1989 Hetrick et al. , 1993 Ladwig et al. 1993 ) performed sensitivity analyses on SESOIL, compared it with other vadose zone chemical transport models, and modified input parameters according to the local conditions. They emphasized that vadose zone models need to be calibrated with measured site-specific data. 
CONCLUSIONS
Several computer models are in use to assess the cleanup levels of hydrocarbon-contaminated soils. Vadose zone models were extensively reviewed by
